Introduction
Bumble bees (Bombus spp.) are important insect pollinators for a multitude of food crops and native plants (Klein et al., 2007) . Commercially, more than 1 million bumble bee colonies are used annually to pollinate high-value greenhouse crops such as tomatoes and peppers (Velthuis and van Doorn, 2006) . Recently, it has been established that many wild bumble bee populations are steadily declining in North America (Cameron et al., 2011) with some species having declined more than 90% (Colla et al., 2012) . European bumble bees are simultaneously facing serious decline (Goulson et al., 2008) . Much of these declines have been attributed to exposure to land use change, pesticides (Goulson et al., 2015) , parasites and pathogens (Graystock et al., 2016) , and heavy metals (Kosior et al., 2007) .
Selenium pollution is a worldwide problem stemming from industries such as mining, coal combustion and lubricant production as well as the leaching of selenium from seleniferous soils through rainfall or agricultural irrigation (Vickerman et al., 2004) . Plants growing in seleniumcontaminated areas can accumulate high levels of the metalloid in their pollen and nectar which, once foraged upon by bees and other insect pollinators, can be toxic (Hladun et al., 2011) . For example, Quinn et al. (2011) found that bumble bees are not deterred from foraging on the seleniumaccumulating plants Brassica juncea and Stanleya pinnata (flowers were found to contain up to 3200 mg kg −1 selenium) and that elevated levels of selenium accumulated both in their corbicular pollen and inside of the foraging bees (Quinn et al., 2011) . Likewise, Hladun et al found that honey bees (Apis mellifera) readily foraged on Raphanus sativus plants that were grown in seleniferous soil and collected pollen containing up to 2830 mg kg −1 selenium (Hladun et al., 2012a) . Accumulating selenium in the tissues of foraging honey bees has been shown to be detrimental to both the individual forager bees plus the health of the whole colony (Hladun et al., 2012b; 2015) . Metals may also have sub-lethal effects on bees, as foraging efficiency is decreased when honey bees are exposed to manganese (Sovik et al., 2015) and bumble bees are exposed to nickel (Meindl and Ashman, 2013; . Selenium-tolerant microbes have been identified in a wide variety of environments, including bacteria isolated from beetle larvae (Wang et al., 2018) , polluted water (Oremland et al., 2004) , mangrove soil (Mishra et al., 2011) , bioreactors (Soda et al., 2011) and endophytic bacteria from hyperaccumulator plants ( Sura-de Jong et al., 2015) . Additionally, some bacteria are known to reduce pernicious selenate and selenite ions to elemental selenium, thus significantly reducing toxicity (Lloyd, 2003) , and facilitating removal from the bacterial cell (Debieux et al., 2011) . Not all bacteria, however, can tolerate metals and metalloids. For example, the microbiota of mice can be altered when exposed to lead, cadmium (Breton et al., 2013) or selenium (Kasaikina et al., 2011) ; human gut microbes change in response to arsenic and lead (Bisanz et al., 2014) ; and the gut microbial community of the Mongolian toad is affected by a combination of copper, cadmium, zinc and lead (Zhang et al., 2016) . In light of these studies, using the microbiome to reduce metalloid toxicity is now starting to be explored, with Coryell et al. establishing that the mouse gut community assists in reducing host mortality upon arsenic exposure (Coryell et al., 2018) .
Previous research shows that the microbial associates of insects can detoxify some metals from the environment. Senderovich and Halpern found that the bacteria associated with the pollution-tolerant chironomid midges (Diptera: Chironomidae) detoxified lead and hexavalent chromium, which potentially reduces metals' harmful effects (Senderovich and Halpern, 2013) . Likewise, Wang et al. showed that a strain of Alcaligenes faecalis isolated from beetle larvae (Monochamus alternatus) reduced selenite to the less toxic form of elemental selenium (Wang et al., 2018) . Still, there is little published research on the effects of selenium exposure on the microbiome of insects, despite the pervasive nature of selenium contamination in the environment (Lemly, 2004) and the importance of considering the microbiome of insects in entomological studies (Douglas, 2015) . We seek to address this gap in the literature using bees, as in addition to being an emerging as a model for this type of research , bees are frequently exposed to toxicants such as selenium when foraging, while the effects of environmental pollution on bumble bees and other wild bees are still an understudied field (Botías et al., 2017) .
Bumble bees are known to host a simple and distinct gut microbiome that comprises core bacterial species within the genera Snodgrassella, Gilliamella, Lactobacillus, Bombiscardovia, Schmidhempelia and Bifidobacterium (Martinson et al., 2011; Koch and Schmid-Hempel, 2011a, b; Powell et al., 2016; Kwong, Medina, et al., 2017b) . The honey bee and bumble bee microbiota is transmitted throughout the colony by social interactions between nest mates (Koch and Schmid-Hempel, 2011b ) resulting in hostspecific relationships within each clade of the corbiculate Apids (subfamily: Apinae) (Kwong et al., 2017b) . The microbiota has been shown to defend bumble bees against pathogens such as Crithidia spp. (Koch and Schmid-Hempel, 2011b; Palmer-Young et al., 2018) and microbial dysbiosis of the core microbes has been suggested to encourage Nosema spp. establishment in honey bees (Maes et al., 2016) . Likewise, the honey bee microbiome is known to positively affect host health, by promoting weight gain (Zheng et al., 2017) , metabolizing toxic sugars (Zheng et al., 2016) , degrading pectin (Engel et al., 2012) and stimulating immune function (Kwong et al., 2017a) .
Here, we investigate the complex interplay between selenate exposure and the bumble bee microbiome using an in vitro, in vivo and in silico methods. First, we ask: Does the Bombus impatiens microbiome increase survivorship against selenate toxicity? Second, are there effects of selenate exposure on the bees' microbial gut community and individual bacterial strains? Third, is there natural resistance against selenate exposure in the bumble bee core gut bacteria Snodgrassella alvi and Lactobacillus bombicola in vitro, and is there a possible genomic basis of bacterial selenate tolerance?
Materials and methods

Bee husbandry for the selenate-challenge experiment
We conducted two separate experiments to assay the effects of microbiome inoculation on selenate-challenged bees. For a pilot experiment (experiment 1, see experimental design details), we obtained three commercial Bombus impatiens colonies from the Biobest Group (Biobest USA, Romulus, MI), and for the fully factorial experiment (Experiment 2, see experimental design details), we obtained four commercial B. impatiens colonies from Koppert Biological Systems (Howell, MI). Each colony contained approximately 50 workers, a gravid queen, pollen and a proprietary sugar solution. As the supplied sugar solution typically contains antibiotics and antifungal compounds (Billiet et al., 2016) , we immediately replaced it with sterile 60% sucrose and allowed the bees access ad libitum. We also provided the colony with pollen patties ad libitum and kept the colonies in environmentally controlled rooms at 29 C under constant darkness at the University of California, Riverside. We allowed the colonies to grow undisturbed for 2 weeks before starting the experiment.
Uninoculated and microbiome-inoculated bumble bees
In order to manipulate the bumble bee gut microbiota, we used a modified version of previously described protocols (Koch and Schmid-Hempel, 2011b; Kwong et al., 2014; Zheng et al., 2017) . We removed dark-coloured cocoons from each of the three bee colonies and aseptically extracted the pupa from within each cocoon. We then placed pupae in a sterile, 48-well tissue culture plate (Corning, Corning, NY) and incubated the plates at 29 C with 70% humidity. Once the bees had eclosed, we placed them into cohorts of six colony mates in 475 ml polypropylene containers (WebstaurantStore, Lancaster, PA). We then autoclaved a mixture of 40% sucrose and pollen and provided the bees with this mixture ad libitum for 2 days. To determine whether a healthy microbiota increases survivorship in bumble bees under selenate challenge, we fed selenate or a sterile sucrose control to bees that we either inoculated with gut microbes or left uninoculated. In order to inoculate bees with a stable microbial community, we fed cohorts of bees microbes harvested from workers corresponding to their source colony. To do this, we aseptically dissected the whole guts from three mature workers and macerated these in an autoclaved 40% sucrose and pollen solution. We then fed this homogenate ad libitum to the bees for 2 days, followed by sterile 40% sucrose for a total of 5 days to allow the microbes to stably colonize the gut (Powell et al., 2014) . The uninoculated bees did not receive microbes and were given a solution of sterile 40% sucrose and sterile pollen only.
Selenate exposure challenge and statistics
We conducted two separate experiments to determine whether the microbiota can increase bumble bee survival when challenged with field-realistic levels of selenate. In a preliminary experiment (exp. 1), we challenged N = 87 sham-inoculated bees and N = 68 microbiota-inoculated bees with 0.75 mg l −1 selenate (See the Supporting Information for details on exp. 1). This concentration was designed to represent exposure to a conservative concentration of selenate compared to what bees may naturally encounter when foraging upon plants in highly contaminated areas (up to 3200 mg kg −1 ) (Quinn et al., 2011) and from past greenhouse experiments (nectar up to 110 mg kg −1 and pollen 710 mg kg −1 ) (Hladun et al., 2011) , as well as previously reported selenate toxicity to honey bees (Hladun et al., 2013) . As this preliminary experiment did not control for the effects of inoculation on bumble bee survival, we ran a second fully factorial experiment that crossed two factors: microbiota or sham inoculation and selenate spiked sucrose feed or sucrose only feed to control for the effects of a microbiome on control bees (exp. 2). We challenged 80 bees (40 microbe inoculated and 40 uninoculated) assigned to cohorts of four to seven colony mates with a solution of either 0.75 mg l sodium selenate in 40% sucrose. In addition to the treatments, we also concurrently exposed 80 bees (43 microbe inoculated and 37 uninoculated) bees to 40% sucrose with no selenate to serve as controls. We allowed bees to feed ad libitum for up to 10 days, censused mortality daily and removed dead bees immediately upon discovery. We analysed the mortality data using the Cox Proportional Hazards function with Mixed Effects (Therneau, 2015b) on colony of origin, microbe-inoculation and selenate treatment in R. We also checked to ensure that our data did not violate the proportional hazards assumptions of the Cox Regression with the function 'cox.zph' in the R package 'Survival,' (Therneau, 2015a) and graphed the survivorship data with the 'survminer' package in R (Kassambara and Kosinski, 2018) . We used Schwartz's Bayesian information criterion (BIC) to choose the model that best fit our data and compensated for mixed effects through a penalized log likelihood.
Effects of sub-lethal doses of selenate on the bumble bee microbiome
To explore the effect of selenate on the bumble bee microbiome, we acquired three new bumble bee (Bombus impatiens) colonies containing <10 workers, a gravid queen, pollen and proprietary sugar solution (Koppert Biological Systems). We maintained the colonies in the same way as described earlier. We then isolated 20 individual mature workers from each colony (N = 60 total) in 60 ml polypropylene containers (WebstaurantStore) and provided them either 60% sucrose (control, N = 30) or 60% sucrose spiked with 0.5 mg l −1 sodium selenate (treatment, N = 30). Bees fed ad libitum for 4 days before we assessed mortality and stored the bees at −80 C. We used these bees for DNA extraction and 16S rRNA gene amplicon sequencing as described below.
DNA extraction and next-generation sequencing of the bacterial 16S rRNA gene
We used a modified DNA extraction protocol based on the study by Engel and colleagues (2013) and Pennington and and colleagues (2017b; 2018) . Using sterile technique, we dissected whole guts out of each bee and placed them into 96-well bead-beating plates (Qiagen, Valencia, CA) containing 50-100 μl of 0.1 mm glass beads, one 3.4 mm steel-chrome bead (Biospec, Bartlesville, OK), and Qiagen lysis buffer, then homogenized the mixture with a Qiagen Tissuelyser at 30 Hz for 6 min. We included four blanks to control for contamination, which were included in all library preparation and sequence processing steps. We extracted total DNA from each sample with the DNeasy Blood and Tissue Kit (Qiagen) by following the manufacturer's protocol for tissue samples. We prepared Illumina MiSeq libraries for paired-end sequencing as in the study by McFrederick and Rehan (2016) , Pennington et al. (2017a) and Rothman et al. (2018) . We incorporated the genomic DNA primer sequence, an eight-mer barcode sequence, and Illumina adapter sequence as in (Kembel et al., 2014) . We used the primers 799F-mod3 (CMGGATTAGATACCCKGG) (Hanshew et al., 2013) and 1115R (AGGGTTGCGCTCG TTG) (Kembel et al., 2014) to amplify the V5-V6 region of the 16S rRNA gene. We used the following reaction conditions for PCR: 4 μl of DNA, 0.5 μl of 10 μM 799F-mod3 primer, 0.5 μl of 10 μM 1115R primer, 10 μl of sterile water and 10 μl 2× Pfusion High-Fidelity DNA polymerase (New England Biolabs, Ipswich, MA), an annealing temperature of 52 C, and 25 cycles in a C1000 Touch thermal cycler (BioRad, Hercules, CA). We then used the PureLink Pro 96 PCR Purification Kit (Invitrogen, Carlsbad, CA) to clean up the resulting amplicons. We subsequently performed a second PCR reaction using 1 μl of the cleaned PCR amplicons as a template with the primers PCR2F (CAA GCAGAAGACGGCATACGAGATCGGTCTCGGCATTCC TGC) and PCR2R (AATGATACGGCGACCACCGAGATC TACACTCTTTCCCTACACGACG) to generate the Illumina adapter sequence (Kembel et al., 2014) . We performed PCR with the following reaction conditions: 0.5 μl of 10 μM PCR2F primer, 0.5 μl of 10 μM PCR2R primer, 1 μl of cleaned PCR amplicon, 13 μl of sterile water and 10 μl of 2× Pfusion High-Fidelity DNA polymerase for 15 cycles at an annealing temperature of 58 C. We used 18 μl of the resulting amplicons for normalization with the SequalPrep Normalization kit and followed the supplied protocol (ThermoFisher Scientific, Waltham, MA). We pooled 5 μl of each of the normalized library and performed a final clean up with a PureLink PCR Purification Kit (Invitrogen). We then quality checked the amplicons on a 2100 Bioanalyzer (Agilent, Santa Clara, CA) and sequenced the libraries using a V3 Reagent Kit at 2 × 300 cycles on an Illumina MiSeq Sequencer (Illumina, San Diego, CA) in the UC Riverside Genomics Core Facility. Raw sequencing data are available on the NCBI Sequence Read Archive (SRA) under accession numbers SRR6788889-SRR6788898, SRR6788969-SRR6788978, SRR6788989-SRR6789000 and SRR6789009-SRR6789022.
16S rRNA gene quantitative PCR for bacterial abundance in bees
We used quantitative PCR (qPCR) to validate our methods of rearing uninoculated or microbe-inoculated bees. We extracted DNA in the same way as above from individual control-treated bees that survived the full 10 days, as there was likely bacterial proliferation or degradation in bees that died during the experiment. We then ran 16S rRNA gene qPCR on the extracted DNA in triplicate using the following recipe: 2 μl DNA, 5 μl SsoAdvanced master mix (BioRad), 0.2 μl 10 μM forward primer (TCCTACGGGAGGCAGC AGT), 0.2 μl 10 μM reverse primer (GGACTACCAGGGTAT CTAATCCTGTT) (Nadkarni et al., 2002) , and 2.6 μl of sterile ultrapure water. We used a protocol consisting of an initial denaturation step of 95 C for 3 min, followed by 95 C for 10 s and an annealing/extension step of 59 C for 30 s repeated 39 times on a BioRad C1000 Touch thermal cycler. We compared our samples to a standard curve of 1 × 10 2 -1 × 10 8 copies of the 16S rRNA gene cloned into a TOPO-TA plasmid (Invitrogen), with all qPCR efficiencies between 90% and 100% and R 2 above 0.98 and tested our data for statistical significance using Welch's two-tailed t-test in R. Finally, we validated the DNA extractions by running PCR targeting a region of the bee 18S rRNA gene on each sample and verifying that there was a positive band on an agarose gel, as in the study by Meeus and colleagues (2009) .
Bioinformatics and statistics
We used QIME2-2017.12 to process the 16S rRNA gene sequences. We viewed the sequence quality of our sequences and removed the low-quality ends. Then, we used DADA2 (Callahan et al., 2016) to identify exact sequence variants (ESVs; 16S rRNA gene sequences that are identical), to remove chimeric sequences and to quality filter the data. We assigned taxonomy to the ESVs using the q2-feature-classifier with the SILVA 16S rRNA gene database (Quast et al., 2013) . We also conducted local BLASTn searches against the NCBI 16S ribosomal RNA sequences database (accessed March 2018). We then removed reads matching mitochondria and contaminants (Salter et al., 2014) as identified in our blank samples from the feature tables. After filtering out contaminants, we aligned the representative sequences against the SILVA reference alignment with MAFFT (Katoh and Standley, 2013) and generated a phylogenetic tree using FastTree v2.1.3 (Price et al., 2010) . We used this tree and the filtered feature table to analyse alpha diversity, sampling depth, and to generate a Generalized UniFrac distance matrix (Chen et al., 2012) . We visualized the UniFrac distance through Principal Coordinates Analysis (PCoA), Non-metric Multidimensional Scaling (NMDS), and used R v3.4.1 (R Core Team, 2018) to plot the data. We analysed the alpha diversity of our samples through the Shannon Diversity Index and assessed statistical significance through the Kruskal-Wallis test in QIIME2. We also used the R packages 'vegan' (Oksanen et al., 2017) to test for statistical significance through Adonis on the distance matrix, 'ggplot2' for graphing and 'DESeq2' to analyse differentially abundant ESVs representing at least 1% proportional abundance between treatments (Love et al., 2014) . To minimize the likelihood of a type I error due to differential data dispersion in our Adonis testing, we analysed the distance matrix with PERMDISP (permutational dispersion of beta diversity with 999 permutations). (Fox and Weisberg, 2011) .
Bacterial culture conditions and inhibitory concentration analyses
Genomic basis of resistance to selenate
We used the National Microbial Pathogen Data Resource's Rapid Annotations using Subsystem Technology (RAST) server to annotate the publicly available genomes of bacteria usually found within the bumble bee gut and other bacteria that were found to be differentially abundant between selenate exposure and controls (Overbeek et al., 2005; Aziz et al., 2008) . We then searched through the genomes' subsystems for genes encoding selenium-containing proteins and functional genes corresponding to selenate reductases, selenocysteine acid metabolism, and the genes involved in uptake of selenate/selenite. To verify the accuracy of the RAST annotations, we also searched for protein homology using Swiss-Prot (Bateman et al., 2017) and considered proteins with greater than 50% amino acid sequence identity to be homologous. Accession numbers for each representative strains' assembled genome are as follows: Bifidobacterium bohemicum DSM-22767 (GCA_ 000741525.1), Bifidobacterium bombi DSM-19703 (GCA_ 000737845.1), Bifidobacterium commune R-52791 (GCA_ 900094885.1), Bombiscardovia coagulans DSM-22924 (GCA_002259585.1), Commensalibacter intestini A911 (GCA_000231445.2), Gilliamella apicola wkB30 (GCA_ 000695585.1), Gilliamella bombi LMG-29879 (GCA_ 900103255.1), Gilliamella intestini R-53144 (GCA_ 900094935.1), Lactobacillus apis Hma11 (GCA_ 000970735.1), Lactobacillus bombicola R-53102 (GCA_900112665.1), Lactobacillus mellis Hon2 (GCA_ 000967245.1), Candidatus Schmidhempelia bombi Bimp (GCA_000471645.1), Serratia marcescens WW4 (GCA_ 000336425.1), and Snodgrassella alvi wkB12 (GCA_ 000695565.1). RAST annotation tables can be found in the Supporting Information File SF1.
Results
The bumble bee microbiome increases survival against selenate toxicity
In both the preliminary experiment (exp. 1) and the fully factorial experiment (exp. 2), the inoculated bumble bee microbiome significantly increased bee survival when exposed to selenate. In the preliminary experiment (exp. 1), the inoculated microbiome significantly increased bee survival (N = 155, Z = −3.27, P = 0.001); (Cox mixed-effects model fitted with penalized log-likelihood: χ 2 = 54.34, d.f. = 2.7, P < 0.001, BIC = 40.70), with microbiome-inoculated bees experiencing a 42% increase in mean survival (Fig. S1 ), although no bees lived the full 10 days. This result was replicated in Exp. 2 (N = 160, Z = −3.12, P = 0.002); (Cox mixed-effects model fitted with penalized log-likelihood: χ 2 = 88.81, d.f. = 3.6, P < 0.001, BIC = 73.00) with proper controls. We continued Exp. 2 for 10 days and found that selenate-challenged bees inoculated with a microbiome experienced a 20% increase in mean survival (Fig. 1) . In the absence of selenate exposure, microbe inoculation did not significantly affect mortality when compared to uninoculated bees (N = 80, Z = −0.57, P = 0.57). Our selenate exposure data did not violate the assumptions of the Cox Proportional Hazards Model by inoculation treatment (ρ = −0.09, χ 2 = 0.63, P = 0.43), colony of origin (ρ = −0.05, χ 2 = 0.26, P = 0.68), selenate treatment (ρ = 0.19, χ 2 = 3.61, P = 0.06) or globally (χ 2 = 4.53, P = 0.48).
Finally, we verified that the uninoculated bees had depauperate microbiota compared to inoculated bees in our fully factorial experiment (exp. 2) through qPCR targeting the bacterial 16S rRNA gene on our control samples as in the study by Powell and and colleagues (2014) and Kesnerova and and colleagues (2017) . Inoculated bees had a mean 16S rRNA gene copy number of 6.88 × 10 8 versus 8.89 × 10 4 for uninoculated bees (Welch's two-tailed t-test, t = 3.13, P = 0.004; Supporting Information Fig. S2 ).
Sub-lethal selenate exposure alters the microbiome of bumble bees Alpha diversity and library coverage. There was a total of 276 126 quality-filtered reads with an average of 5210 reads per sample (N = 53) that were clustered into 86 filtered exact sequence variants (ESVs). Through rarefaction analysis, we determined that we had representative coverage of bacterial species diversity at a depth of 2385 reads per sample (Supporting Information Fig. S3 ). We found that there was a significant increase in the alpha diversity (as measured by the Shannon Diversity Index) of the bees' microbial community when treated with sodium selenate (H = 7.95, P = 0.005).
Beta diversity and differential abundance of bacterial taxa
In order to discern patterns in the beta diversity of the whole microbial gut community of the bumble bees, we plotted the relative proportional abundance of ESVs comprising at least 1% of each sample (Fig. 2) . Overall, we found our samples were dominated by the genera Snodgrassella, Gilliamella, Lactobacillus, Bifidobacterium, Commensalibacter, Bombiscardovia and Serratia. We also performed PCoA and NMDS analysis on the Generalized UniFrac distance matrix that compared selenatetreated bees with controls (Fig. 3) . Overall, there was no obvious clustering by treatment in both the twodimensional NMDS (stress = 0.18) and PCoA ordinations. As we performed the experiment on individual bees from three separate colonies, we then analysed the UniFrac distance matrix with Adonis (PERMANOVA with 999 permutations) using both treatment and colony of origin as explanatory variables in the model. We found that there was a significant effect of selenate treatment (F = 2.9, R 2 = 0.05, P < 0.001), colony (F = 3.30, R 2 = 0.12, P < 0.001) and interaction between treatment and colony (F = 1.87, R 2 = 0.07, P = 0.005) after 4 days of continuous exposure, and that our data were not heterogeneously dispersed (F = 0.89, P = 0.35). Our analyses found that while there are significant effects of treatment and colony, the small R 2 indicates that the impact of treatment on the overall beta diversity is slight, and the more physiologically important effects of selenate exposure are likely to be found at the individual ESV level.
We analysed the 16S amplicon data with 'DESeq2' to identify ESV changes within the bumble bee microbiome. Through analysing ESVs present at greater than 1% proportional abundance, we found nine differentially abundant ESVs (Benjamini and Hochberg corrected for multiple comparisons P adj < 0.05. ESVs can be found in the Supporting Information SF2) between selenatetreated bees and controls in the following genera: 2 ESVs of Commensalibacter intestini, 3 ESVs of Gilliamella apicola, 2 ESVs of Lactobacillus bombicola and 2 ESVs of Snodgrassella alvi. Each of the ESVs was less proportionally abundant in selenate-treated bees except C. intestini (Fig. 4) .
Genes involved in selenium ion uptake and processing
By using RAST subsystem analyses and UniProt BLAST searches, we identified the presence or the absence of genes that encode the production of selenium-containing proteins, selenate reductases, selenocysteine metabolism and genes involved in selenium ion uptake/release (Supporting Information Table ST1 ). We found that G. apicola wkB30 and S. alvi wkB12 only had one putative selenocysteine-containing enzyme each (both had formate dehydrogenase EC 1.17.1.9 based on sequence homology), while no other bacteria commonly found in bumble bee guts or our samples contained any selenoproteins. Many of the non-bumble bee-specific taxa had at least some active selenoproteins (Supporting Information  Table ST1 ). Each of the other core bumble bee gut bacteria or non-core bacteria that were differentially abundant in our study had putative genes corresponding to the sulfate and thiosulfate import ATP-binding protein CysA (Lindblow-Kull et al., 1985) , the putative (Guzzo and Dubow, 2000) selenite-inducible transporter TsgA (Guzzo and Dubow, 2000) , the selenate/selenite transporter DedA (Ledgham et al., 2005) , L-seryl-tRNA(Sec) selenium transferase SelA Fig. 1 . Survival plot of the fully factorial experiment 2. Microbiome-inoculated bees lived significantly longer than uninoculated bees when challenge with 0.75 mg l −1 sodium selenate (N = 160, Z = −3.12, P = 0.002). Microbe inoculation did not affect mortality when compared to uninoculated bees in our controls (N = 80, Z = −0.57, P = 0.57). Shaded areas signify 95% confidence intervals, and dashed lines indicate 50% survival probability.
(Forchhammer and Bock, 1991), the selenocysteinespecific translation elongation factor SelB (Rother et al., 2000) , the selenide/water dikinase SelD (Veres et al., 1992) and the selenophosphate-dependent tRNA 2-selenouridine synthase 2-SeU (Veres and Stadtman, 1994) . Only Candidatus Schmidhempelia bombi had no enzymes for the uptake or release of selenium ions or selenoprotein metabolism.
Members of the bumble bee microbiota react differently to selenate exposure Through ANOVA testing, we did not detect an overall significant difference in bacterial growth after 48 h for either Snodgrassella alvi wkB12 (F (5,12) = 2.389, P = 0.101) or Lactobacillus bombicola (F (5,12) = 0.282, P = 0.914), at any dose of sodium selenate (Tukey's HSD P adj > 0.05 for each concentration) (Fig. 5) . Our data did not violate Fig. 2. Stacked bar plot showing the relative proportion of bacterial genera that were present at greater than 0.1% abundance in each sample. Individual sample treatments are indicated by 'C' for control and 'Se' for selenate exposure, and colony of origin is denoted by H3, H6 or H9. the assumption of normality, based on the Shapiro-Wilk Test (P = 0.892 and 0.613 respectively). We note that these bacteria grew somewhat poorly, indicating that our culturing conditions are not optimal for bee symbionts. Similar OD readings, however, have been reported in other studies using different strains of these bacteria (Raymann et al., 2018) .
Discussion
The Bombus impatiens microbiome plays a role in the reduction of host mortality when bees are exposed to field-realistic doses of selenium. We found that selenate toxicity was slightly higher in uninoculated bees than in those that we inoculated with a microbial community obtained from their colony mates and that lacking a microbiome did not affect survivorship of bees receiving only control treatments. To the best of our knowledge, this is the first time that the gut microbiome of any insect has been shown to increase the survivorship of its host against selenate poisoning. We show that while ingestion of selenate inflicts mortality on all tested bumble bees, the microbiome-inoculated bees have slightly reduced mortality, which on a wider colony level, may have a positive effect on resource-gathering, colony hygiene, and ultimately overall colony health. Future research into the colony-level effects of selenate poisoning on bumble bees should be investigated in a similar manner to the study by Hladun and and colleagues (2015) , who showed that selenate had a deleterious effect on honey bee colony health.
Other work has linked the insect microbiota to metal/ metalloid detoxification. Senderovich and Halpern (2013) Fig. 4 . Log 2 fold change of the proportionally differentially abundant Exact Sequence Variants as measured by DESeq2 between selenate-treated bees and controls, coloured by genus. We analysed ESVs that were present in at least 1% proportional abundance, and each of the illustrated ESVs were found to be significantly different (P adj < 0.05). See Supporting Information SF2 for feature ID of each taxa. Error bars denote the standard error of the Log 2 fold change. showed that bacteria associated with Chironomus transvaalensis egg masses and larvae reduced lead-and hexavalent chromium-induced mortality. Our research extends this work, as Chironomus spp. typically exhibit a lifestyle whereby adults do not feed (Pinder, 1986) , do not possess a functional microbiome and are unlikely to orally ingest pollutants. Likewise, Wang et al. recently showed that a strain of bacteria isolated from beetle larvae can reduce selenite (Wang et al., 2018) , although as beetles undergo complete metamorphosis, this bacteria is unlikely to persist into the adult stage. These are important distinctions, as our study shows that the microbiome of adult bumble bees increases survivorship upon metalloid challenge during their final life stage. Furthermore, socially acquired core bumble bee gut bacteria appear to mainly drive the increase in survivorship. As pupal bees shed their larval gut and lose any alimentary tract bacteria upon eclosion (Koch and Schmid-Hempel, 2011b) , any microbially mediated effect on larvae may be lost before the adult bees are exposed to the toxicant. Additionally, as we are studying coevolved, socially transmitted core microbes, these symbiotic bacteria share an intricate relationship with their host that includes defensive functions (Koch and Schmid-Hempel, 2011b) . Our system serves as a useful model for studying transmittable symbiont-induced phenotypes that increase survival against environmental toxicants in social insects. Finally, it has been shown that the gut microbiota is involved in reducing arsenic-induced mouse mortality (Coryell et al., 2018) , and our research contributes to the growing body of literature that implicates the animal microbiome in increased host survival when challenged with metalloids.
We found ESVs of the gut symbionts S. alvi, G. apicola and L. bombicola in lower proportional abundance in selenate-treated bees versus controls. We also found two C. intestini ESVs in higher proportional abundance of in selenate-treated bees. This contrasts with our culture-based results in which S. alvi and L. bombicola were not affected by field-realistic, low doses of selenate. This conflicting result may be due to the compositional nature of microbiome data (Gloor et al., 2017) in which other changes in proportional abundance may not reflect changes in absolute abundance. Likewise, these bacteria grew poorly in culture, which may mask the true effects of dose-dependent selenate exposure as an artefact, although strains of S. alvi and other Firm-5 lactobacilli have grown to similar OD 600 readings in the previous studies (Raymann et al., 2018) . We also cannot examine genomic differences between cultured strains and taxa identified in our bee samples as we are unable to discern their entire genomes from a 16S rRNA gene sequencing survey. Strain level diversity in the honey bee gut microbiota is high (Engel et al., 2012) , and future experiments are needed to fully understand selenotolerance in the bumble bee microbiota. While there is no published research on the interactions of bee symbionts and selenium, non-bee-associated bacteria are known to accumulate selenium in culture (Calomme, Van den Branden, and Vanden Berghe 1995) , or can respire less toxic elemental selenium (Lloyd, 2003; Debieux et al., 2011; Wang et al., 2018) . This may be a mechanism for increasing host survivorship upon selenate challenge, and future studies should investigate the ability of symbionts to accumulate or respire selenium.
There are interesting patterns that develop when examining the genomes of bacterial genera typically associated with bumble bees: Bifidobacterium spp., Bombiscardovia coagulans and Lactobacillus spp. appear only to uptake selenium ions via the transporter DedA. Snodgrassella alvi wkB12 possesses DedA along with CysA, which is involved in selenium ion transport and can incorporate selenocysteine into proteins, which may contribute to selenate resistance. Candidatus S. bombi and G. apicola wkB30 also use selenocysteine but lack any obvious method of selenate uptake; although G. apicola genomes may vary between strains (Zheng et al., 2016) and more investigation into their selenium metabolism is needed. While most differentially abundant bacteria were less proportionally abundant in the selenate treatments, one taxon was notably more abundant: Commensalibacter. The effects of selenium on this genus are unknown, although it does not possess DedA, but appears selenotolerant in vivo. Notably, we only obtained ESVs of Commensalibacter and the opportunistic bee pathogen Serratia from one colony, indicating this colony may be suffering from dysbiosis or disease and the apparent selenotolerance may be due of the compositional nature of our data.
Selenoproteins are common throughout several insects species, and their genomes often contain enzymes for selenium metabolism (Chapple and Guigó, 2008) . Conversely, bumble bees and other hymenopterans are not known to incorporate selenium into proteins (Sadd et al., 2015) . However, the mechanisms of increased bee survival may be host mediated, as gut microbes could induce changes in host gene expression to generally allow for detoxification. Likewise, selenate-induced stress may synergize with the lack of a microbiome in our uninoculated bees, and we may be observing the combination of multiple insults on bee health. This may decrease host survivorship rather than the microbiome itself increasing survivorship, and more research needs to be conducted to understand the mechanisms of multiple stressors on bees. Microbial inducement of the immune system has been shown in honey bees (Kwong et al., 2017a) and stimulation of detoxification gene expression and immune function has been shown to occur in bumble bees (Näpflin and Schmid-Hempel, 2016) , so the presence of the bees' microbiota may be influencing the bees ability to detoxify selenate. Finally, the bacteria may simply be forming a physical barrier, but more research is needed to test these competing hypotheses.
Our results illustrate that the bumble bee microbiome slightly increases host survival when exposed to selenate and that bacteria within the core microbiome are tolerant to field-realistic doses of selenate. Selenate causes shifts in the relative abundance of core microbes at the individual ESV level. As the mechanisms of the microbiomeinduced increase in host survival upon selenate challenge are unknown, future research should investigate the ability of bacterial symbionts to metabolize and detoxify selenate in the host. Similarly, many bee species commonly encounter metal and metalloid contamination in the environment (Kosior et al., 2007) and more studies are needed to assess the effects of other toxicants on their microbes.
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